Abstract-The Azuara structure is the largest one proposed so far in Spain as possibly related to a cosmic impact event. A review of the evidence set forward in favor of and against its cosmic origin indicates that the discussion is not yet finished. Some megascopic features (inverted stratigraphy, megabreccia, negative gravity anomalies) and shock-metamorphic effects (planar deformational features) have been described in relation with the structure, although their real significance has been questioned and is still being debated. Comparison with other similar-sized verified impacts suggests that unequivocal impactogenic features are yet to be found before the Azuara structure can be related to a cosmic impact. Until then, the Azuara structure should be considered as an unverified impact structure, and should not be included in global comprehensive maps of terrestrial impact structures.
INTRODUCTION
The recognition of large terrestrial impact craters is frequently inhibited by their erosion, deformation or burial. Most newly identified impact structures on the Earth's surface are first noted by some kind of anomalous circular or nearcircular feature, such as a topographic or physiographic surface pattern, a circular region of anomalous rocks, or a circular geophysical anomaly associated with a surface or subsurface structure. These features may help in the detection of a possible meteorite impact site. However, there are many different geologic processes that may originate circular or near-circular features on the Earth's surface (volcanic processes, salt diapirism, igneous domes, etc.) . Hence, it is only when unequivocal features such as shock-metamorphic effects (highpressure mineral phases, diaplectic glass, planar deformational features) or shock megascopic features (shatter cones) are discovered in its rocks, that the structure is verified as related to a cosmic collision (Montanari and Koeberl, 2000) . Only in such cases, when the characteristic features that are exclusive and unique to meteorite impacts are found, the structure can be considered without doubt a true meteorite impact structure.
The Azuara structure (Zaragoza province, northeast Spain; 41°12' N; 00°55' W), with a diameter of ∼30 km, constitutes the largest proposed, but still unverified, meteorite impact structure in the Iberian Peninsula. After its identification as a possible impact structure (Ernstson et al., 1985) , a strong debate arose regarding its tectonic or impact-induced origin (Ernstson and Fiebag, 1992, 1993; Aurell et al., 1993) . The controversy about its origin still remains active among scientists (see, for example, Martínez-Ruíz et al., 2001) . The Azuara structure was initially recorded as one of the few large terrestrial impact structures (Grieve, 1987) , and its location is commonly still represented in recent maps of known impact structures (Grieve et al., 1995; French, 1998) . However, one of the most recent reviews does not include it in the listing of terrestrial impact structures younger than 250 Ma and larger than 5 km (Montanari and Koeberl, 2000) .
The purpose of this paper is twofold. Our main objective is to provide a summary and update of the evidence presented in favor and against the impact-related origin of the Azuara structure. We base this review both on published data and on our knowledge of the local and regional geology. We also present and discuss diverse debatable features that may be considered essential to resolving the controversy. Our secondary objective is to support the removal of the Azuara impact site from impact crater databases, at least until conclusive, thoroughly contrasted, and unequivocal shockmetamorphic features are found. In this direction, and however biased our approach may seem, our intention is to refute the impact hypothesis, as we consider and finally conclude that the evidence so far provided for impact metamorphism related to the Azuara structure is still inconclusive and not sufficiently convincing.
GEOLOGICAL SETTING
The Azuara structure is located ∼50 km south of Zaragoza, in the northeastern border of the Iberian Range, close to the Ebro Basin (northeast Spain). The present-day observed structure of the Azuara region corresponds to a sedimentary basin infilled by Cenozoic deposits and limited by folds and thrusts involving Precambrian-Paleozoic, Mesozoic and Cenozoic rocks (Figs. 1 and 2). The Precambrian and Paleozoic series in the area exceed 7000 m in thickness (Lotze, 1961; Carls, 1975 Carls, , 1977 Ferreiro et al., 1991) and consist of slightly metamorphosed sedimentary rocks (shales, quartzites and occasional limestones) affected by Variscan orogeny. Triassic deposits in Germanic facies (Garrido and Villena, 1977) Cortés and Casas, 1996) . Pelarda Formation is located within the Calatayud-Montalbán Basin, south of the Azuara structure, that is encircled in the map. (R) indicates the radius of the Azuara structure suggested by Ernstson and colleagues, who indicate that ejecta and other evidences were found within a (2R) distance from the center of the structure. Location of the cross-section of Fig. 7 is shown (A-A'). Black circles indicate location of photographs (Figs. 4, 5 and 6). unit with the Variscan basement. The Upper Triassic (Keuper facies) consists of gypsum and mudstones, and serves as a décollement level separating the sedimentary cover from the structural "basement" (Middle Triassic and older). The Jurassic units consist of limestones and marls, 700-800 m thick, deposited in extensive carbonate ramps and with an homogeneous distribution along the studied area (Bulard, 1972; Aurell, 1990; Salas and Casas, 1993) . Lower Cretaceous deposits (Valanginian to Early Barremian) were deposited in continental environments (alluvial, deltaic and lacustrine systems) and have been related to extensional tectonics (Soria, 1997; Cortés et al., 1999) . Cenozoic sediments (Paleogene and Neogene) consist of continental deposits related to alluvial fans and lacustrine systems with both clastic and carbonate facies, reaching a thickness of 800 m (Pérez, 1989; Villena et al., 1996) .
The western border of the Azuara structure corresponds to a Paleozoic massif displaying large north-south tectonic structures involving Late Cambrian to Devonian rocks (Capote and González-Lodeiro, 1983) . The main structures are eastverging thrusts and folds with steep limbs, which display a penetrative cleavage (specially axial plane cleavage in shales and siltstones) due to ductile tectonic deformation during Variscan orogeny (Ferreiro et al., 1991) . The southern border consists of a northwest-southeast complex antiformal structure with Paleozoic core, and which separates the Ebro Basin from the Calatayud-Montalbán Basin (Fig. 1) . North of this antiform there are northwest-southeast minor folds and slightly deformed zones involving the Mesozoic cover (Cortés and Casas, 1996) .
The structure of the northern border of the Azuara Basin is characterized by Mesozoic rocks along an east-west to northwest-southeast arcuate band of folds and thrusts (Figs. 1  and 3 ). The main structures of this northern area are symmetric gentle folds with limbs dipping <30° and asymmetric northverging folds with near vertical forelimbs (Fig. 4a,b; Cortés and Casas, 1996) . The restoration of compressional structures indicates a shortening of 12.2%, mostly related to the major anticlines (Aguilón, Belchite and Muel-Jaulín anticlines; Cortés et al., 1999) .
The chronology of the main contractional deformations has been established from the Tertiary syntectonic deposits associated to folds and thrusts (Pérez, 1989; Casas et al., 2000a) . A Paleocene unit (T1) overlies the Mesozoic deposits and is unconformably overlain by folded Late Oligocene deposits (T4). This Oligocene unit (Chattian-Agenian in age) is related with the uplift of large anticlines (e.g., Aguilón anticline; Fig. 4a ) that became the source of clastic materials. These two units were folded together with the Mesozoic beds to form the main anticlines, displaying growth-strata geometries (Fig. 5 ) and syntectonic unconformities (Fig. 6 ). Neogene deposits within the Azuara Basin (T5, T6 and T7 units: Agenian-Vallesian in age) are horizontal or only slightly deformed, and onlap the folded structures. In contrast to the Azuara Basin, the late Lower Cretaceous units show a wedge geometry probably related to syn-sedimentary extensional processes (Cortés et al., 1999) . Paleocene unit (T1) corresponds to the Tertiary pre-folding strata. Oligocene unit (T4) corresponds to the syn-folding growth strata. Neogene rocks are horizontal (post-folding strata) and unconformably overlying the previous Mesozoic and Tertiary folded units. compressional stages in this part of the Eastern Branch of the Iberian Range did affect Middle and Upper Miocene deposits in the Calatayud-Montalbán Basin (Colomer, 1987; Simón, 1989; Casas et al., 2000a; Sanz-Rubio et al., 2001) .
THE CONTROVERSY
A research team led by K. Ernstson (University of Würzburg, Germany) proposed an impact-induced origin for the Azuara structure based on alleged evidence such as the local presence of inverted stratigraphy, megabreccias and megablocks, breccia dikes, a negative gravity anomaly, and features indicative of high-pressure and high-temperature effects (Ernstson et al., 1985 (Ernstson et al., , 1987 Ernstson and Claudín, 1989, 1990; Mayer, 1991; Ernstson and Fiebag, 1992; Ernstson, 1994) . To date, ∼20 publications (including meeting abstracts and articles published both in local and international journals) and 11 unpublished works (1 Ph.D. thesis and 10 diploma theses) support the hypothesis of a cosmic impact origin for the Azuara structure.
Several lines of evidence were presented against the hypothesis of a meteorite impact (Aurell et al., 1993) based on the local and regional sedimentary and structural evolution of the Azuara area within the Iberian Range and the Ebro Basin. Alternative interpretations for each of the criteria used as evidence by the group supporting the impact hypothesis are shown in Table 1 . Subsequently, Cortés and Casas (1996) and Cortés et al. (1999) suggested that the structure of the Azuara region is consistent with north-south regional shortening during the Tertiary (Alpidic orogeny), and which controlled deformation affecting both the Variscan basement and the Mesozoic-Tertiary sedimentary cover. In these works, the Azuara structure is interpreted as a broad synclinal piggy-back Tertiary basin over an important depression of the Variscan basement (Fig. 7) . The Azuara Basin is bounded by a small arcuate fold-and-thrust belt in the northern part (BelchiteAguilón), partially controlled by inherited Mesozoic extensional faults nucleating Tertiary folds and thrusts (Cortés et al., 1999) , and a poorly-defined fold-and-thrust system towards the south .
REVIEW OF FEATURES
In the next paragraphs we summarize important macroscopical and microscopical features used in the identification of terrestrial impact structures (following French, 1998) as they relate to the evidence set forward in favor and against the impact-induced origin of the Azuara structure. We also present a comparison between different criteria and lines of evidence present in the Azuara structure (Spain) and in the FIG. 5 . Conglomerates of the unit T4 (Chattian-Agenian) cropping out at Las Torcas Reservoir area, northwestern border of the Azuara structure (approximate coordinates: 41°16.1' N, 1°6.7' W, see location in Fig. 1 ). The thickness of this unit reaches at least 500 m in this area. A fan-shaped bedding can be observed in this photograph. Rotation of bedding-dip to the top indicates that sedimentation was simultaneous to the uplift of the anticline.
Ries structure (Germany) ( Table 1 ). According to Ernstson et al. (1985) and Ernstson and Fiebag (1992) both structures show similar features.
Surface Morphology and Geologic Structure
Surface Expression and Shape-Impact structures usually tend to present a rounded or elliptical shape due to centrifugal forces during impact explosion, in conjunction with centripetal Kink bands in biotite (A) Impact-related. Frequent.
(B) Due to Variscan deformation and metamorphism (not impact-related).
Impact ejecta (A) Pelarda Formation, located to the south of the structure. Widespread impact ejecta (megablock outer ring, Bunte Breccia).
(B) No such thing. The Pelarda Formation is a PliocenePleistocene(?) alluvial fan deposit ("Raña" facies).
Origin of basin (A) Impact crater. Impact crater.
(B) Small syntectonic (piggy-back) basin formed under compression, and bounded by folds and overthrusts.
*Where appropriate, a comparison of the two main different hypotheses proposed for the interpretation of the Azuara structure is included, (A) refers to impact hypothesis and (B) to non-impact hypothesis.
post-impact collapse and erosional processes. The shape of the Azuara sedimentary basin is not circular, but instead rather polygonal ( Fig. 1) . It is roughly outlined in its northern part by north to northeast-verging folded Mesozoic layers emerging from the Tertiary Ebro Basin with west-east to northwest-southeast trends, and towards the south by northeast-verging thrusts of Paleozoic and Mesozoic rocks forming part of the Eastern Iberian Range. The interior of the basin is characterized by an almost flat topographical surface with a very gentle northeastdipping slope, in agreement with the Ebro Basin context.
According to its size, much greater than the transition diameter of terrestrial impact craters (2-4 km), the Azuara structure should correspond to a complex crater with central uplift. However, no internal relieves or outcrops can be observed towards the center of the structure that may resemble the central uplift and/or inner ring typically present in verified impact craters with similar diameter (e.g., Ries crater). Sedimentary Fill-Tertiary sediments infilling the Azuara Basin are mostly Late Oligocene to Miocene and consist of alluvial fan deposits and distally related lacustrine systems in a succession of more than 800 m in thickness which has been subdivided into five sedimentary units (Pérez, 1989; Villena et al., 1996; Casas et al., 2000a) . The two lower units (T1 and T4) present few outcrops, and were deposited synchronously with compressive deformation (specially T4). They show growth-strata geometries related to the development of the anticlines, and are bounded by angular unconformities towards the margins of the basin (Pérez, 1989; Cortés and Casas, 1996; see Figs. 5 and 6) . The existence of mammal paleontological sites within syntectonic deposits cropping out along the borders of the Azuara structure (Pérez et al., 1985; Pérez, 1989) allows to date the main folding stage as Late Oligocene-Early Miocene (∼23 Ma). These data are consistent with the age of folding suggested for the rest of the Iberian Chain (Villena et al., 1996; Muñoz-Jiménez and Casas-Sainz, 1997; Casas et al., 2000a,b) . The Neogene units (T5 to T7) are post-tectonic and were deposited horizontally and unconformable over previous units. No impact-related layer such as those present in other verified impact craters has ever been identified within the Azuara structure.
Structural Features-Terrestrial impact craters exceeding 4 km in diameter generally produce allochthonous and dislocated megablocks ejected from the target during the impact process, and which can be found both within the final structure and around the crater rim. Ernstson and Fiebag (1992) reported megablocks of Paleozoic and Buntsandstein sedimentary rocks laying over Keuper marls, Paleozoic quartzites overlying Cretaceous sedimentary rocks, and large boulders of Paleozoic Armorican quartzite found along the northeastern Mesozoic border of the Azuara basin. However, no clear and precise location or convincing photographs have been provided that resemble the megablocks and tectonic structures associated with other verified impact craters. In most cases, the evidence provided to support the age of the megablock material is rather poor and based solely on facies correlation.
Other structural features, such as the peripheral arc-shaped folding affecting Mesozoic rocks along the northern margin of the structure, and the intense block faulting at the south and southwest, do not provide unequivocal evidence for the impact origin. From the point of view of impact cratering, the formation of large peripheral anticlines would be interesting. However, folding of the structure along the northern margin can be explained as the result of a non-homogeneous displacement of the Jurassic to Cenozoic cover above the regional detachment level (very common in many fold and thrust belts) and/or due to several deformation stages (Cortés and Casas, 1996) . Except for the northern border, folds and thrusts surrounding the Azuara structure are not consistent with centrifuge forces inducing peripheral folding: the main folds and thrusts affecting Mesozoic and Tertiary units throughout this part of the Iberian Range are north to northeast-verging, even east-verging in Paleozoic rocks.
Intense block faulting, folding and overthrusting constitute a common feature of the Paleozoic-Mesozoic rocks of the Iberian Range. Variscan and Alpidic deformations affected with variable degrees the different Phanerozoic sedimentary units throughout the Iberian Range, resulting in complex tectonic structures. The interpretation of the structural features of the Azuara structure within their local and regional context allows to relate them with Variscan and Alpidic deformation (Viallard, 1979 (Viallard, , 1980 (Viallard, , 1983 Capote and González-Lodeiro, 1983; Ferreiro et al., 1991; Aurell et al., 1993; Cortés and Casas, 1996; Casas et al., 1997 Casas et al., , 2000a Cortés et al., 1999) , rather than with an impact.
Impact Ejecta-Finding impact ejecta layers in the geological record has greatly contributed to the recognition of their source impact craters (Montanari and Koeberl, 2000) . Large recent impact craters are surrounded by a deposit of debris ejected as the result of the collision and explosion. Most ejecta lie close to the crater rim, and continuous ejecta in non-oblique impacts usually extend about one crater radius from the crater rim (Melosh, 1989) .
Towards the south of the Azuara structure, the clastic Pelarda Formation was interpreted as the ejecta of the Azuara impact (Ernstson and Claudín, 1990) . Covering an area of roughly 30 km 2 , it is basically composed of well-rounded quartzite clasts rarely exceeding 1 m in diameter, found within a muddy-sandy matrix and with an overall chaotic aspect. The origin and age of this unit still remains one of the most important debatable matters regarding the Azuara structure. Carls and Monninger (1974) described the Pelarda Formation within the CalatayudMontalbán Basin as basically composed of Paleozoic clasts (quartzite and shale). "After the climax of alpidic movements (Late Oligocene-Early Miocene), the southeast part of the Eastern Iberian Chain was denudated to form the Peña Tajada surface. This was (locally?) covered by more than 200 m of a fluvial boulder conglomerate, the Pelarda Formation" (Carls and Monninger, 1974) . These authors also reported some Buntsandstein pebbles, but did not observe limestone components. Their interpretation about the origin of this formation suggests its deposition after the Late Oligocene-Early Miocene compressional movements, unconformably overlying a Neogene erosion surface leveling the eastern Iberian Range. Ernstson and Claudín (1990) added to the previous work the alleged identification of Buntsandstein megaclasts, a few limestone clasts, and Lower Tertiary marls admixed with the conglomerates. The Pelarda Formation is ∼10 km distant from the supposed crater rim and overlies alluvial fan deposits of the adjacent Calatayud-Montalbán Basin (Fig. 1) . Ernstson and Claudín (1990) and Ernstson and Fiebag (1992) pointed out that this unit is an isolated deposit located within the Calatayud-Montalbán Basin, and interpreted it as a remnant of an originally extended ejecta blanket around the Azuara structure. In addition, Ernstson and Fiebag (1992) and Claudín et al. (2001) described a second prominent ejecta deposit at Puerto Mínguez Pass, ∼40 km to the southeast of the border of the structure. Apart from these, other similar deposits that could also be impact-induced ejecta have never been proposed elsewhere around the Azuara structure.
In contrast, the Pelarda Formation is interpreted in most of the Spanish geological literature as one of the many outcrops of Pliocene-Quaternary continental deposits frequent in central Spain in relation to local reliefs (Lendínez et al., 1989; Ferreiro et al., 1991; Aurell et al., 1993, among others) . No clear data have been provided by the authors who defend the impact origin of these deposits, and some evidences remain unexplained (e.g., identification and dating of Lower Tertiary marls and Triassic megaclasts). The data provided in the aforementioned Spanish literature, together with our own field observations, support the traditional hypothesis as a remnant of Pliocene-Pleistocene alluvial deposits (locally named "Raña"). These include the existence of bedding, interbedded edaphic paleosol features, increase of grain size towards the south, conspicuous roundness of the clasts, lithofacies analysis, stratigraphic correlation of the unit, and its geomorphic location within the CalatayudMontalbán Basin. Detailed sedimentologic and paleontologic studies of the Pelarda Formation are currently underway in order to test the hypotheses.
Striations-Rounded to subrounded striated and polished boulders and cobbles of slates, schists and quartzites were described by Ernstson and Claudín (1990) in the Pelarda Formation. Plastically deformed and fractured clasts, many of them showing rotational deformation, and multiple deformation features are also described by these authors as evidence for shock deformation (Ernstson et al., 1990; Claudín et al., 2001) .
Striated and polished pebbles, as well as pressure solution pits, have long been known to be a common feature in conglomerate deposits affected by regional stress deformational processes (Blum, 1840; Judson and Barks, 1961; Trurnit, 1968; Campredon, 1977; Petit et al., 1985; Rodríguez-Pascua and De Vicente, 1998, among others) . Their occurrence depends on factors such as lithology, grain-size ratios, interstitial water, and tectonic stress (Hossain, 1978; Sanz de Galdeano and Estévez, 1981; Schrader, 1988; Taboada, 1993) . We have identified these features in carbonate clasts in both supposed pre-impact (Paleocene conglomerates close to Fonfría village) and post-impact (Middle Miocene conglomerates in Puerto Mínguez road pass; Pérez, 1989; Casas et al., 2000a) sedimentary units. These features are closely related with the regional stress, as demonstrated by the study of the stratigraphic section cropping out at Puerto Mínguez (Casas et al., 2000a) . Here, the nearby (distant <1 km) thrusting of Cretaceous carbonates over Paleogene clastic deposits during the Miocene (Viallard, 1983; González and Guimerà, 1993; Casas et al., 2000a) originated lithological changes in the source area for the Miocene conglomerates (from quartzitic to carbonate source; Pérez, 1989) , and the simultaneous development of the aforementioned deformation features (polished, striated and pitted carbonate pebbles), which are common throughout the section. Ernstson and Claudín (1990) indicate that striae directions in the sampled pebbles of the Pelarda Formation are not randomly distributed: their directional mode is northeastsouthwest, "pointing to the center of the Azuara structure". In a meteorite impact, striae created by the instantaneous stress state related with the collision should be randomly distributed in the ejecta clasts (theoretically with chaotic deposition), whereas they should be approximately radial on the abraded substrate. These data reveal that striations are not related to the impact if ballistic deposition is proposed, unless a syndepositional deformation took place. This preferential orientation of clast striations indicates that tectonic deformation affected the pebbles after their deposition, and suggests the existence of a tectonic stress regime affecting the sedimentary materials of the Pelarda Formation. The tectonic stress regime present during the Tertiary and Quaternary, with northeastsouthwest maximum horizontal stress, has been inferred by several authors in the regional literature (Simón, 1986 (Simón, , 1989 Liesa and Simón, 1994; Cortés and Maestro, 1998 , among others), coinciding with the aforementioned measurements.
Cratering and Spallation of Buntsandstein Conglomerate Clasts-Apart from the aforementioned striations and pits developed in Cenozoic conglomerate clasts, Ernstson et al. (1994 Ernstson et al. ( , 1999 Ernstson et al. ( , 2001b ,c) also describe microcraters developed on the surface of quartz and quartzite pebbles and cobbles from Latest Permian-Early Triassic Buntsandstein-facies conglomerates. These authors propose this type of feature as an indicator of shock deformation in the vicinity of large impacts, in this particular case of the Azuara structure and its alleged companion, Rubielos de la Cérida structure. However, this interpretation is difficult to reconcile with the widespread distribution of these features throughout Spain and other countries in Europe (Cortés et al., 2002) . In particular, this type of feature is quite common throughout the Iberian Range and most areas where Buntsandstein conglomerates are present (Fig. 8) . The small pits or craters are known in Spanish geology as "percussion" or "pressure-solution" marks, and are found not only along the northeastern (Aragonian) branch of the Iberian Range (García-Royo and Arche, 1987), but also along the southeastern (Castillian) branch of the Iberian Range (Trurnit, 1968; Marfil et al., 1977; Ramos, 1977) , even at its western end, in the eastern Segovia province (Hernando, 1980) . Furthermore, they are also found in the same stratigraphic position (basal conglomerates of the Buntsandstein facies) in the Catalan Coastal Ranges (Virgili et al., 1977) and in the Pyrenees (Olivé-Davo et al., 1990) . These features are normally explained as resulting at contacts between clasts due to localized pressure during diagenesis and compression, both lithostatic and tectonic (see discussion in Cortés et al., 2002) .
Age of the Structure-Impact structures can be dated by means of radiometric dating of impact melt rocks and other impact-derived minerals and rocks directly in or around the crater. Another possibility is to date the impact ejecta based on biostratigraphic data (Montanari and Koeberl, 2000) . No radiometric methods have ever been applied in order to date the Azuara structure. Also, Neogene sediments of the Azuara basin (connected to the Ebro Basin) cover almost the total surface area of the structure, and deep boreholes are absent. On the assumption that the Azuara structure constitutes an impact crater, and because the existence of impact melt or impact-derived minerals has not been shown, only biostratigraphical and lithostratigraphical methods can provide an age for the alleged related ejecta. A Late Eocene-Oligocene age was proposed for the Pelarda Formation, because the Miocene sediments within the Azuara Basin are only slightly affected by tectonism, and Eocene sediments are incorporated in the clastic Pelarda Formation and breccia dikes generated during the impact (Ernstson and Fiebag, 1992) . However, the methodology used to date these Eocene sediments is not described in their work. A more precise age for the alleged impact is needed, because the inferred Late Eocene to Oligocene proposed age is broadly contemporary with the age of the two FIG. 8 . Location of conglomerates exhibiting cratered and fractured clasts. Black triangles indicate outcrops studied by Ernstson et al. (2001c) . Black circles indicate representative outcrops of Buntsandstein conglomerates studied by (1) Trurnit (1968) , (2) Hernando (1980) , (3) García-Royo and Arche (1987) , (4) Olivé-Davo et al. (1990) , (5) Virgili (1958) (6) Virgili et al. (1977) . Location of other well-documented outcrops (not cited) is also shown (small black circles). White circles indicate pressure-solution marks in Buntsandstein sandstones, (7) Marfil et al. (1977) . Stars indicate some outcrops of Tertiary and Quaternary rocks containing striated and/or pitted pebbles, (8) Rodríguez-Pascua and De Vicente (1998) , (9) Maestro et al. (1997) , (10) Casas (1992), (11) Benito and Casas (1987) . largest known impact craters of the Cenozoic Era (Popigai and Chesapeake Bay), which occurred almost synchronously at ∼35.6 Ma (Koeberl et al., 1996; Bottomley et al., 1997) . The Eocene-Oligocene transition is characterized by important longterm changes in oceanic circulation and climate (Prothero, 1993) . However, vertebrate paleontological data for the units immediately below the Pelarda Formation suggest an age younger than Early Oligocene (Cuenca-Bescós, 1988; CuencaBescós and Canudo, 1992) . The Olalla paleontological site (MP 21 zone; Peláez-Campomanes, 1993) corresponds to the Rupelian stage (Early Oligocene), implying that the age of the Pelarda Formation is Late Oligocene or younger. According to this, a Pliocene-Pleistocene age for the Pelarda Formation cannot be excluded. We particularly favor an interpretation of this unit as a local Pliocene-Pleistocene alluvial deposit, similar to those common throughout central Spain along the major reliefs.
Shatter Cones-Rocks containing shatter cones are indicative of shock metamorphism, and provide definite evidence for a meteorite impact origin. Because the geometry and surface texture of shatter cones may sometimes be similar to other diagenetic and tectonic structures, this type of rock fractures should be carefully studied and identified. Fragments of shatter cones should not be confused with plumes developed along joint planes, nor with cone-in-cone structures and surface textures. Only a few moderately well-developed cones of Jurassic limestone have been described, found in modern fluvial debris within the Azuara structure, as described by Müller (1989) , Katschorek (1990) and Mayer (1991) , but no in situ counterparts were found. Photographs of these shatter cones have never been showed in international scientific publications.
GEOPHYSICAL CHARACTERISTICS
Previous geophysical studies have focused on gravity and magnetic signatures. No seismic profiles or deep drilling have been performed within the structure.
Gravity Anomaly
A pronounced negative gravity anomaly commonly characterizes buried impact structures, mostly due to their particular bowl or dish shape and less dense sedimentary fill. According to Ernstson and Fiebag (1992) , the Azuara structure shows an overall negative anomaly, with a broad gravity minimum within the roughly ring-like border. The values of the gravity anomalies are in the same order of magnitude than those detected for similar impact structures. The gravity model shows a mass deficiency of 1.24 × 10 14 kg, with the base of the fractured target rock located 4 km in depth at the centre of the Azuara structure. Nevertheless, a synclinal depression filled with Tertiary sediments would also result in the same type of anomalies (see examples in Keary and Brooks, 1991; Casas, 1993 or Casas et al., 2000b) . In addition, as noted by Aurell et al. (1993) , and agreed upon by Ernstson and Fiebag (1993) , the provisional Bouguer gravity map is incomplete, restricted to the interior of the structure, and not referred to any standard system. Because of this, it is hard to estimate a representative gravity field, and also hard to know whether the calculated residual anomalies have a circular or a straight pattern (Aurell et al., 1993) .
Magnetic Anomaly
Ernstson and Fiebag (1992) performed magnetic-field measurements and found that, similar to the magnetic expression of impacts on sedimentary targets, just the central part of the structure was void of anomalies. The magnetic anomaly map only shows the well-known south-north magnetic gradient present in the region, including a few scattered and very local anomalies with no apparent relationship to any consistent deep or shallow structure. These anomalies may also be related to minor folds involving Mesozoic rocks covered by Tertiary sediments. These folds can be laterally observed in geological maps (Lendínez et al., 1989; Ferreiro et al., 1991) . At the outcrop scale, these folds correspond to (a) anticlines with a Triassic evaporitic core and calcareous Jurassic limbs, and (b) synclines involving Mesozoic (Jurassic and Lower Cretaceous) and Tertiary rocks. According to theoretical and practical studies on magnetism (see, for example, Keary and Brooks, 1991) , these magnetic local anomalies could also be related to these folds.
ROCK TYPES
Breccias, whether parauthochtonous or allogenic, are a characteristic of many impact structures (French, 1998) . Several lithic breccia generations have been described for the Paleozoic and Mesozoic of the Azuara structure by the authors defending the impact hypothesis (Ernstson et al., 1985; Ernstson and Fiebag, 1992) . The existence of true impact melt rocks, impact melt breccias (melt-matrix breccias), or suevitic breccias (suevites) has never been confirmed or sufficiently contrasted for the Azuara structure.
Megabreccia
A stratiform layer reaching more than 80 m in thickness located in the northeast and northwest Mesozoic part of the structure was interpreted by Ernstson and Fiebag (1992) as the result of in situ brecciation of the Triassic-Liassic transitional layer and/or Liassic limestone. They also indicated a contribution to this breccia of much younger (Eocene) sedimentary blocks, without providing any further detail. This breccia remains a subject of disagreement (Aurell et al., 1993) , because this same breccia-bearing unit crops out throughout the northeastern part of the Iberian Peninsula, in the Pyrenees, the Cameros and Demanda Massifs, the Iberian Range, and the Catalan Coastal Range (over 200 km from the Azuara structure, Fig. 9 ) towards the lower part of the Jurassic succession, and is known as the Cortes de Tajuña Formation (Goy et al., 1976; Giner, 1978; Canerot et al., 1984; San Román and Aurell, 1992) . These authors have interpreted breccia facies within the Cortes de Tajuña Formation as the result of (1) sedimentary brecciation due to tectonic processes (San Román and Aurell, 1992) and (2) collapses related to evaporite solution (mainly anhydrite and halite, well-known in wells and occasionally at surface) below dolomitic levels (Gómez and Goy, 1999) . Both processes occurred at the same time in different areas of the basin to produce the "Hettangian breccia".
Basal Breccia
Ernstson and Fiebag (1992) described a polymict and heterogeneous breccia with Paleozoic and Mesozoic components, up to 20 m thick, and unconformably overlying Mesozoic and Lower Tertiary sediments. They remarked the existence of flow textures (interpreted as carbonate melt within the breccia) and planar features in quartz grains of the matrix. Against this interpretation, Aurell et al. (1993) pointed out that this breccia unit corresponds to conglomerates of the Middle Miocene (unit T6). Although we have not carried out a formal detailed sedimentologic study, our observations indicate that this breccia unit may (8) Canerot et al. (1984) ; (9) Giner (1978) ; (10) Anadón et al. (1987) ; (11) Olivé-Davo et al. (1990). be preliminarily interpreted as fanglomerates derived from local reliefs during Miocene deformation in the CalatayudMontalbán Basin.
Globular Breccia
A "globular breccia" was described by Ernstson and Fiebag (1992) as the result of addition of finely dispersed material in an explosion cloud. The poor basic information provided by these authors about its description and location induced Aurell et al. (1993) to suspect that they confused the "breccia" ("meteoritic lapilli") with a caliche-like crust. Weathering of Mesozoic carbonate rocks along the border of the central Iberian Range has been thoroughly described by Armenteros (1989) . This weathering resulted in karst and paleosol development, including the generation of complex structures related with edaphic caliches and developed during the Cretaceous-Paleogene transition. Processes involved include dedolomitization, micritization and organic activity around roots, resulting in millimetric to decimetric-sized cavities filled up with different types of speleothems, detrital carbonate sediments, and terra rossa. Edaphic caliches present different microstructures, such as pedorelicts, ooids, peloids, ubiquitous in situ Microcodium, and root tubules. These features, described by Armenteros (1989) outside the Azuara structure, are also found in other parts of the Iberian Range in relation with the terminal Cretaceous regression (Floquet and Meléndez, 1982) . Many of the features described by Ernstson and Fiebag (1992) can also be interpreted as resulting from paleosol and karst development comparing them with what Armenteros (1989) found.
Breccia Dikes
Breccia dikes are frequent features in the basement and crater walls of many complex impact structures (Lambert, 1981) . This type of breccia constitutes one of the most remarkable evidence argued by the defenders of an impact hypothesis for the Azuara structure. A wide variety of dikes, usually up to 2 m wide and in some cases reaching more than 100 m in length, has been described by the Ernstson group. The dikes are described as containing monomict or polymict breccias with autochthonous and allochthonous components. Shock deformation features and carbonate melts have also been described within these breccia dikes (Ernstson and Fiebag, 1992, 1993) . Breccia dikes have also been mentioned as a result of the collapse of carbonate rocks due to evaporite dissolution within the latest Triassic and earliest Jurassic units in the Iberian Range (Goy et al., 1976; Giner, 1978; San Román and Aurell, 1992) , as well as related to paleosol development during the Late Cretaceous and Cenozoic (Floquet and Meléndez, 1982; Armenteros, 1989) , as mentioned in the previous paragraph.
Melt Rocks
Impact melt rocks are formed by cooling and crystallization of impact-generated melts. Pressures in excess of ∼60 GPa induce the complete (bulk) melting of the target rocks to form impact melts (Montanari and Koeberl, 2000) . The temperatures generated during the passage of shock waves in impact events are quite higher than those reached in normal crustal processes, including volcanism. In the Azuara structure, supposed melt and recrystallization products have been described admixed with shocked sandstone clasts or forming minute lens-shaped bodies within carbonate matrix in the basal breccia and breccia dikes (Fiebag, 1988; Ernstson and Fiebag, 1992, 1993) . More recent works (Ernstson et al., 2001a; Hradil et al., 2001) report the presence of melt rocks of silicate, carbonate and phosphate composition occurring as blocks in a polymict breccia. Despite the scarce data provided and the poor location of their sampling sites, our observations at one of the outcrops mentioned by these authors (road from Barrachina to Navarrete del Río) indicates that the alleged silicate impact melt is a volcanic tuff. There is a similar volcanic tuff within the Miocene deposits of the Ebro Basin (Canudo et al., 1993; Odin et al., 1997) , in an equivalent stratigraphic position. The surrounding polymict megabreccia is just part of a collapse structure due to dissolution of Miocene evaporites (Gutiérrez, 1999 and references therein) .
With respect to recrystallization processes, previous studies on the metamorphic features in adjacent zones of the Azuara structure indicate that metamorphic recrystallization is only present in phyllosilicates of Paleozoic materials, associated with Variscan cleavage, and never above the chlorite zone (i.e., lowgrade metamorphism; Capote and González-Lodeiro, 1983). There is no contrasted evidence that we know of for hightemperature or high-pressure metamorphism in any place in or around the Azuara structure (Tejero, 1987; Pérez, 1989; Aurell, 1990; Soria, 1997; Gutiérrez, 1999; Sanz-Rubio, 1999, among others) .
MICROSCOPIC DEFORMATION AND MELTING FEATURES
Shock metamorphic effects are considered one of the most important features to be used in the verification of terrestrial impact structures, evidently because they are distinctive and unequivocal evidence for an impact origin. The effects include microscopic planar deformational features (PDFs), optical mosaicism, changes in refractive index, birefringence and optical axis angle, isotropization (e.g., diaplectic glass), and mineral phase changes (high-pressure phases, melting) (French, 1998; Montanari and Koeberl, 2000) .
The existence of rocks showing evidence for shock metamorphism in the Azuara structure has been proposed by the group of K. Ernstson. Ernstson et al. (1985) and Ernstson and Fiebag (1992) described planar features and planar cleavage in quartz in sandstone components of the Nogueras polymict breccia (southern margin of the Azuara structure). They also found biotite grains showing kink bands within the breccia matrix (Ernstson et al., 1985) . Partly isotropic quartz grains (diaplectic crystals) are said to be frequently found in Azuara breccia dikes (Mayer, 1991) , although completely isotropic diaplectic glass from quartz has not been observed (Ernstson and Fiebag, 1992) .
Shock features were also identified within clasts from the proposed ejecta deposits: moderate shock effects, including planar elements and cleavage, mosaicism, and deformation lamellae in quartz, were described in the Pelarda Formation (Ernstson and Claudín, 1990) . Multiple sets of crystallographically oriented planar elements, planar fractures, and strongly kinked micas were described by Ernstson et al. (1985) from quartzite clasts. In addition, Fiebag (1988) identified melt and recrystallization products and planar features in calcite. More recently, Márquez et al. (1995) also performed studies of planar features in clasts from this unit, agreeing with previous results of the Ernstson research group.
Some evidence can also be set off against shock metamorphism related to the Azuara structure, including alternative interpretations for the aforementioned observations and interpretations. The presence of kink bands in micas can also be the result of normal tectonic deformation linked to regional metamorphism and folding, resulting in two or three cleavage orientations, which are very common in Paleozoic rocks throughout the Iberian Range (Capote and González Lodeiro, 1983; Tejero, 1987; Ferreiro et al., 1991) . This is opposed to the assertion of Ernstson et al. (1985) , who emphasize that the Paleozoic sediments of the Iberian Range lack any indication of regional metamorphism.
In addition, three samples from the Azuara and Rubielos de la Cérida structures (the latter interpreted by Ernstson et al. (1999 Ernstson et al. ( , 2001a as the possible twin crater of the Azuara structure), were studied by Langenhorst and Deutsch (1996) in order to find evidence for shock metamorphism, and gave negative results. They applied transmission electron microscopy (TEM) to study quartz grains in samples of quartzite from clasts in the Pelarda Formation and the Rubielos de la Cérida structure. Langenhorst and Deutsch (1996) remarked the absence of any shock metamorphic overprint. Under TEM, the samples revealed a large density of dislocations and many subgrain boundaries, but PDFs were absent. These samples were provided to them by K. Ernstson, who explicitly indicated that he had previously detected PDFs in each of them, and that tectonic deformation for the formation of the PDFs could very probably be excluded for all three samples provided (F. Langenhorst, pers. comm.).
Regarding the Azuara structure and its geological context, Prieto et al. (1995) indicated the existence of shock metamorphic effects in quartzite clasts from Buntsandstein conglomerates of the Iberian Range cropping out quite far away from the Azuara structure. This evidence for an impact was interpreted as inherited from the source area of the conglomerates, which they proposed must have included Lower Paleozoic quartzites affected by an unidentified impact.
The aforementioned optical identification of PDFs in quartzite clasts of the Pelarda Formation and Buntsandstein units cannot and should not be considered as an unambiguous or unequivocal record of shock metamorphism. Using an optical microscope, the distinction between planar features formed by shock metamorphism and those formed by normal tectonic deformation processes is not conclusive. Only TEM studies provide the definite answer for the origin of the deformation in the quartz (Bohor et al., 1995; Langenhorst and Deutsch, 1996) . The existence of an alternative hypothesis unrelated to impact in the interpretation of each and every other single set of evidence provided for the Azuara structure suggests that the proposed PDFs should also be considered as suspect.
Decarbonation Features
White vesicular rims were described around limestone fragments in breccia dikes (Katschorek, 1990; Ernstson and Fiebag, 1992) . These rims were interpreted by these authors as a result of marginal decarbonation related to high-shock pressures . Similarly to what we argued above with respect to the proposed globular breccias and breccia dikes, paleosol and karst development result in a wide variety of features similar to those proposed, and which may have been the cause of confusion (see, for example, those described by Armenteros, 1989) . In any case, as stated by Aurell et al. (1993) , it is almost impossible to give alternative explanations to the many features proposed in support of the impact hypothesis, because description, exact location, and analysis are usually difficult to access and there are incomplete and superficial data.
GEOCHEMISTRY
Geochemical methods can provide evidence of extraterrestrial components in impact-derived melt rocks or breccias (Koeberl, 1997) . This is particularly true with concentrations and interelement ratios of siderophile elements, especially the platinum group elements (PGEs), which are diagnostic and useful in order to verify the impact origin of a geologic structure. In most impact structures, impact melt rocks and impact breccias are frequently the only material in which a meteoritic component can be found (Koeberl, 1997) .
Geochemical data of the rocks of the Azuara structure published by authors defending the impact hypothesis have been extremely poor (Aurell et al., 1993) . These only consist on the qualitative composition of the matrix of a breccia dike, and comparison of x-ray diffraction spectroscopic (XRD) and x-ray fluorescence spectroscopic (XRF) data to infer the presence of a siliceous amorphous phase (lechatelierite glass) dispersed within the breccia matrix. The description and interpretation of the geochemical data by Ernstson and Fiebag (1992) is insufficient and inappropriate for a scientific work trying to verify an impact structure. Latest works (Ernstson et al., 2001a; Hradil et al., 2001) do not provide any conclusive results regarding its impactogenic interpretation. To date, no more detailed geochemistry that we know of has ever been applied to rocks related to the Azuara structure in order to prove and confirm its cosmic origin.
FUTURE WORKS
Part of our ongoing research focuses on tectonic, sedimentological and paleontological evidence in both the Ebro and Calatayud-Montalbán basins in order to resolve the controversy relating the impact vs. tectonic origin of the Azuara structure. Immediate future work should be conducted towards: (a) the definitive interpretation and determination of the age, provenance and sedimentary environment of the Pelarda Formation, (b) searching of analogue deposits or other mesoscopic impact evidences within the distance of one crater radius from the supposed crater rim (Fig. 1) , (c) searching for new microscopic evidences of shock metamorphic effects such as PDFs or isotropization, and (d) performing geochemical analyses in order to test the different hypotheses.
CONCLUSIONS
A review of the evidence set forward in favor of and against its cosmic origin indicates that the controversy on the Azuara structure (Spain) continues more than 15 years after its origin as a meteoritic impact structure was first proposed. All features used as evidence for an impact origin can also be related with other terrestrial geologic processes frequent throughout the Iberian Range (tectonic features, gravity data, breccias, pitted pebbles, etc.). The significance of shock-metamorphic effects (PDFs, kink-bands, diaplectic glass, melting and high-pressure minerals, etc.) described in relation with the structure has been questioned and is still being debated. Comparing with other similar-sized verified impact structures (e.g., Ries structure), it seems obvious that many more unique impactogenic features are yet to be found before the Azuara structure can be related to a cosmic impact. Until then, the Azuara structure should be considered as an unverified impact structure, and should not be included in global comprehensive maps of terrestrial impact structures.
